1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Eur Respir J. Author manuscript; available in PMC 2024 April 01.

-, HHS Public Access
«

Published in final edited form as:
Eur Respir J. 2023 April ; 61(4): . doi:10.1183/13993003.02861-2021.

Cystic fibrosis macrophage function and clinical outcomes after
elexacaftor/tezacaftor/ivacaftor

Shuzhong Zhang?, Chandra L. Shresthal, Frank Robledo-Avilal, Devi Jaganathan?,
Benjamin L. Wisniewskil:2, Nevian Brownl, Hanh Pham?, Katherine Carey!, Amal O.
Amer34, Luanne Hall-Stoodley3#4, Karen S. McCoy?, Shasha Bai®, Santiago Partida-
Sanchez!l4, Benjamin T. Kopp1:24*

1Center for Microbial Pathogenesis, The Abigail Wexner Research Institute at Nationwide
Children’s Hospital, Columbus, OH, USA

2Division of Pulmonary Medicine, Nationwide Children’s Hospital, Columbus, OH, USA
3Department of Microbial Infection & Immunity, The Ohio State University, Columbus, OH
“4Infectious Disease Institute, The Ohio State University, Columbus, OH, USA

SPediatric Biostatistics Core, Emory University School of Medicine, Atlanta, GA, USA

Abstract

Background: Abnormal macrophage function caused by dysfunctional cystic fibrosis
transmembrane conductance regulator (CFTR) is a critical contributor to chronic airway infections
and inflammation in people with cystic fibrosis (PWCF). Elexacaftor/tezacaftor/ivacaftor (ETI)

is a new CFTR modulator therapy for PWCF. Host-pathogen and clinical responses to CFTR
modulators are poorly described. We sought to determine how ETI impacts macrophage CFTR
function, resulting effector functions, and relationships to clinical outcome changes.

Methods: Clinical information and/or biospecimens were obtained at ETI initiation and 3-, 6-,
9, and 12-months post-ETI in 56 PWCF and compared to hon-CF controls. Peripheral blood
monocyte-derived macrophages (MDMSs) were isolated and functional assays performed.

Results: ETI treatment was associated with increased CF MDM CFTR expression, function,
and localization to the plasma membrane. CF MDM phagocytosis, intracellular Killing of

CF pathogens, and efferocytosis of apoptotic neutrophils was partially restored by ETI, but
inflammatory cytokine production remained unchanged. Clinical outcomes including increased
FEV; (+10%) and BMI (+1.0) showed fluctuations over time and were highly individualized.
Significant correlations between post-ETI MDM CFTR function and sweat chloride levels were
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observed. However, MDM CFTR function correlated with clinical outcomes better than sweat

chloride.

Conclusions: ETI is associated with unique changes in innate immune function and clinical

outcomes.
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INTRODUCTION

The discovery and clinical implementation of cystic fibrosis transmembrane conductance
regulator (CFTR) modulator therapy has revolutionized care regimens and disease
trajectories for people with cystic fibrosis (PWCF).[1] Despite their widespread clinical
use in some developed countries and association with improved clinical outcomes, our
understanding of how CFTR modulators alter host-pathogen responses in CF remains
limited. There is a unique opportunity to study immunologic responses to CFTR modulator
initiation with the recent introduction of the highly effective triple combination CFTR
modulator therapy elexacaftor/tezacaftor/ivacaftor (ETI) for PWCF with at least one

copy of the CFTR variant F508del. These immunologic responses are important to our
understanding of CF pathogenesis as prior studies showed that devastating chronic bacterial
infections can persist despite treatment with CFTR modulators.[2-5]

We and others previously demonstrated that macrophage dysfunction is related to both
the acquisition of acute and persistence of chronic infections in PWCF,[6-13] and it is
dependent on appropriate CFTR function.[14] Past studies of CFTR modulator effects
on CF macrophages have demonstrated variable results with overall limited efficacy.[3,
4, 15] Therefore, we sought to determine how ETI initiation impacts macrophage CFTR
expression and function, resulting effector functions, and their relevance to changes in
longitudinal clinical outcomes. We hypothesized that ETI treatment would be associated
with sustained improvements in CFTR restoration in CF macrophages and subsequently
improved phagocytic function. Further, we hypothesized that robust changes in CF
macrophage CFTR function after ETI treatment would correlate with improved clinical
outcomes.

Our results demonstrated distinct changes in CF macrophage CFTR expression and
improved CFTR function in response to ETI treatment. Alterations in macrophage CFTR
were associated with improved phagocytic capacity but did not fully restore bacterial
killing capabilities. Overall, changes observed were highly individualized and correlated
with clinical outcomes including lung function and nutritional recovery.

MATERIALS AND METHODS

Clinical data:

Clinical and demographic information was securely recorded in a REDCap database.
Clinical information recording and/or biospecimen sampling occurred at ETI initiation,
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3-, 6-, 9-, and 12-months post-ETI initiation, except sweat chloride levels measured by

the clinical laboratory at baseline and 1-month post-ETI initiation. Lung function was
measured as percent predicted FEV,. BMI was measured as a nutritional marker. Clinical
microbiologic cultures from oropharyngeal or sputum samples were recorded as surrogates
of chronic infection. Hospitalizations for pulmonary exacerbations (determined by treatment
team) and the number of total antibiotic courses (outpatient and inpatient) was recoded

for one year prior and one-year post-ET] initiation. Due to the COVID-19 pandemic and
telehealth visits, not all clinical measures were available at each visit.

Macrophage assays:

MDM isolation, cellular toxicity, phagocytosis, bacterial killing, efferocytosis, cytokine and
ROS production were performed per prior methods[4, 8, 14] and as described by Kuhns.[16]
CFTR function was assessed via the MQAE halide efflux assay.[14] CFTR expression was
analyzed via flow cytometry, fluorescent microscopy, and western blot with subcellular
protein fractionation. Additional details on all macrophage assays and RhoA/Cdc42 method's
are provided in an online data supplement.

Electrophysiology recording (patch-clamp):

MDMs were seeded on glass coverslips and treated overnight (ex vivo) with ETI (5 uM
elexacaftor, 5 UM ivacaftor and 5 UM tezacaftor). Whole-cell currents were elicited by 400
msec voltage steps from —80 to +80mV in 10mV steps from a holding potential of —40mV.
Additional details are provided in anonline data supplement.

lon channel array:

Total RNA was extracted from MDMs with or without ETI treatment in vitro using an
RNA purification kit (Norgen Bioteck, 43400) according to the manufacturer’s instruction.
Additional details are provided in anonline data supplement.

SEM and TEM:

Images were obtained on a Hitachi S-4800 field-emission scanning electron microscope
(Hitachi High Technologies, Schaumburg). Additional details are provided in anonline data
supplement.

Statistical analysis:

For macrophage assays, two sample unpaired t-tests or Fisher’s exact tests were used for
comparisons between PWCF and non-CF controls, and paired t-tests were used for pre-

vs post-ETI comparisons and changes in sweat chloride within the PWCF group. One-way
ANOVA with post-hoc Tukey correction was used for multiple comparisons as detailed in
figure legends. Depending on the distribution, either Pearson’s or Spearman’s correlation
coefficients were used to assess correlations between MDM CFTR function and post-ETI
sweat chloride, and between MDM CFTR function and changes in clinical outcomes
between 0-3 months. A linear mixed-effect model was fit for FEV; and BMI collected
over time. Fixed effects included discrete visits and random intercepts were specified for
participants. Post-hoc comparisons between neighboring visits (baseline vs 3 mo, 3 vs 6
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mo, 6 vs 9 m, 0 vs 12 mo) as well as baseline vs 12 mo were conducted with multiple
comparison adjustment using the Sidak method. Multiple-comparison adjusted p-values
were reported following the linear mixed-effect models. Statistical analyses were completed
with GraphPad Prism software (version 8.2).

Study approval:

RESULTS

Study participants were recruited as approved by the Institutional Review Board of
Nationwide Children’s Hospital (IRB16-01020). Written informed consent and/or assent
was received prior to participation. Additional details on consent and enrollment criteria are
provided in an online data supplement.

Demographics

The demographics of the enrolled PWCEF at baseline and non-CF controls are shown in
Table 1. PWCF were slightly younger than the non-CF participants. Among PWCEF, there
was an approximately equal distribution of those homozygous or heterozygous for the
F508del variant. Fifty percent were on a CFTR modulator for at least six months prior to
ETI initiation. Baseline percent predicted forced expiratory volume in 1 second (FEV1, 65.5
+ 25.3) and body mass index (BMI, 22.6 + 4.7) are shown as markers of lung function and
nutrition respectively, along with hospitalizations and oral antibiotic courses in the year prior
to ETI initiation. Overall, the participants had moderate lung disease, but ranged from mild
to severe obstructive lung disease as defined by FEV;.

ETI treatment improves MDM CFTR expression and localization

We used primary human monocyte-derived macrophages (MDMs) to model CF macrophage
interactions as monocytes are recruited to systemic sites throughout the body, including the
lungs and sinuses, where they differentiate into macrophages. MDM s are also at a higher
density in the CF lung compared to alveolar macrophages,[17] lending relevance to their use
as models of CF immunity. In the lungs, recruited MDMs regulate both acute and chronic
responses to infection, inflammation, and other stimuli. Unless otherwise noted, MDMs
were grouped according to non-CF, CF pre-ET]I initiation (untreated), or CF post-ETI
initiation (treated- receiving in vivo plus ex vivo supplementation during culture). Prior
studies have established dosing of CFTR modulators for immune cell culture use from
1-5uM, akin to in vivo exposures.[3, 4, 15] To assess MDM tolerance of elexacaftor,

we examined escalating doses from 1 to 40uM. MDMs were treated with elexacaftor ex
vivo and apoptosis measured via flow cytometric detection of Annexin V* cells. Increased
apoptosis was noted with increasing doses of elexacaftor above 5uM, with significantly
increased apoptosis at 40uM (Fig. 1A). We then measured MDM apoptosis in response to
increasing concentrations of elexacaftor in combination with fixed dosing of tezacaftor and
ivacaftor (5uM). A similar trend was noted, with significantly increased MDM apoptosis at
elexacaftor concentrations greater than 30uM in combination with tezacaftor/ivacaftor (Fig.
1B). We therefore chose to use 5uM elexacaftor for all further studies in combination with
tezacaftor and ivacaftor.
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We then measured CFTR expression in non-CF, untreated CF, and CF MDMs treated with
ETI. CF MDMs had significantly less CFTR expression compared to non-CF MDMs when
measured by a quantitative flow cytometry assay (45.7 vs 74.1%, p < 0.0001) (Fig. 1C). CF
MDMs treated with ETI demonstrated a significant increase in CFTR compared to untreated
CF MDMs (62.1 vs 45.7, p = 0.006), but remained below the level of expression of non-CF
MDMs (62.1vs 74.1, p = 0.025) (Fig. 1C, representative flow gates in supplemental Fig.
1A). We then examined CFTR expression via western blot for total protein and subcellular
protein fractionation for measurements of membrane and cytosolic concentrations of CFTR.
Western blot also showed a significant increase in total CFTR expression in ETI-treated

CF MDMs (Densitometry in Fig. 1D). Specifically, ETI treatment was associated with both
increased cytosolic and membrane CFTR expression compared to untreated CF MDMs (Fig.
1E, all uncropped blots in supplemental Fig. 1B). Control CF MDMs with a class 1 CFTR
variant did not show an increase in CFTR expression in response to ETI (supplemental Fig.
1C).

Next, we used fluorescent microscopy to determine co-localization of CFTR with surface
(WGA) and trafficking/degradation markers (RAB7, EEA1, LAMP1) at rest and during

LPS exposure. We found decreased expression of CFTR (green) at the plasma membrane
(white) in CF MDMs compared to non-CF, with a significant increase in surface-associated
CFTR in CF MDMs post-ETI with or without LPS exposure (Figs. 2A-C). CFTR was

most commonly co-localized with lysosomal (LAMP1) or late endosomal markers (Rab7) in
both non-CF and CF MDMs post-ETI compared to untreated CF MDMs (Figs. 2A-C). A
summary of quantitative scoring of co-localization of CFTR with other fluorescent markers
is displayed in Figure 2D.

ETI treatment alters non-CFTR ion channel expression

To specifically examine if ETI treatment is associated with changes in other macrophage
ion channels besides CFTR, we performed a custom microarray analysis of ion channel
expression in CF MDMs pre- and post-ETI. Untreated CF MDMs demonstrated altered
expression of several sodium (SCN1A, SCN1B, SCN8A, SCN11A), potassium (KCNA3,
KCNB1, KCNC1, KCNEZ1) and chloride (CLCNKA) channels compared to non-CF MDMs
(Fig. 3A, significant values in red). However, there were not uniform directional changes
in expression within each channel type (e.g., both up- and down-regulated expression
was present). Post-ETI, prior differences were no longer significant except KCNB1 and
KCNEL1 (Fig. 3B, significant values in red). SCN4A, SCN10A, CACNALA, TRPCL1,
ITPR3, and CHRND showed compensatory changes in CF MDMs post-ETI compared to
non-CF MDMs (Fig. 3B). Comparing CF MDM s pre- and post-ETIl, CLCN2, CACNG2,
and TRPCL1 were significantly increased in expression post-ETI (Supplemental Fig. 2A).
Individual paired changes in ion channel expression from PWCF are shown in Figure 3C
with groupings by ion channel type.

MDM CFTR functional responses vary by individual

Next, we examined changes in MDM CFTR channel function in response to ETI. We
utilized the MQAE assay to determine quantitative changes in CFTR-dependent halide
efflux in response to ETI. First, we determined the impact of a one-week washout on
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CFTR function. Paired monocytes from PWCF taking ETI clinically for 3-6 months were
either treated (ex vivo group) or not treated (washout) with ETI daily during differentiation
to MDMs. A significant increase in CFTR function was seen for each group of MDMs
treated with ETI compared to its matched untreated counterparts from the same donor

(Fig. 4A). These results indicate that daily treatment with ETI is necessary to maintain
CFTR functional restoration in ex vivo cell culture. We then compared monocyte and

MDM CFTR functional responses to ETI. Freshly isolated monocytes from PWCF 3-months
post EIT who had received a morning dose of ETI were analyzed without further ETI
treatment ex vivo. CF monocytes from PWCF prior to ETI initiation demonstrated negligible
CFTR function and had no significant increases at 3 months post-ETI treatment (Fig. 4B).
Paired individual donor monocyte responses were quite variable pre- and after 3 months of
ETI treatment, with only 1 individual (male, F508del/Y1092X) demonstrating a significant
response to ETI (Fig. 4C). Further, one-time ex-vivo treatment with ETI immediately after
monocyte isolation did not significantly improve CFTR function compared to monocytes
treated in vivo only (Fig. 4D). In contrast, CF MDMs treated with ETI during culture
differentiation demonstrated a significant increase in CFTR function compared to untreated
CF MDMs, but also remained with significantly less CFTR function compared to non-

CF MDMs (Fig. 4E). Individual paired donor MDM responses were more consistently
increased post-ETI, but again were variable from donor to donor (Fig. 4F, 2 largest

increases were female, F508del/F508del and male, F508del/F508del). Overall, there were
no discernible characteristics (gender, age, genotype) reflecting sample variability. A
representative Kinetics tracing of the halide efflux assay for untreated non-CF and CF
MDMs and non-CF and CF MDMs treated with ETI is shown in Figure 4G. We confirmed
these data with whole-cell patch-clamp measurements of CFTR currents. We found that
stimulated CFTR function measured by patch-clamp was minimal in untreated CF MDMs
(red) and CF MDMs from PWCF who had received ETI clinically for 3 months but no
further supplementation during MDM differentiation (CF ETI in vivo -orange, Fig 4H).

In contrast, CF MDMs treated with ETI ex vivo (purple) and non-CF MDMs (black)
demonstrated robust CFTR currents in response to a forskolin cocktail stimulation (Fig. 4H).
Representative whole cell patch-clamp basal and forskolin-stimulated CFTR current tracings
are shown in Supplemental Fig. 2B.

ETI treatment improves phagocyte-mediated killing of bacteria

To determine the consequences of the observed improvements in CFTR expression and
function with ETI treatment, we next measured MDM-mediated killing of clinical isolates
of the CF pathogens B. cenocepacia, P. aeruginosa, and methicillin-resistant Staphylococcus
aureus (MRSA). Untreated CF MDM s had increased B. cenocepacia burden compared to
non-CF, similar to past studies (Fig. 5A).[4, 14] Treatment with ETI was associated with a
significant decrease in B. cenocepaciaburden in CF MDMs (Fig. 5A). Untreated CF MDMs
also had increased P, aeruginosaand MRSA bacterial loads compared to non-CF (Fig. 5A).
ETI treatment was associated with a significantly decreased £ aeruginosa and MRSA load
in CF MDMs (Fig. 5A). ETI treatment did not impact bacterial load for any pathogen

in non-CF MDMs (Figs. 5A). One of the proposed mechanisms for failed CF MDM
clearance of bacteria is poor phagocytosis.[3, 4, 11, 14, 18-20] We measured phagocytosis
of an RFP-expressing B. cenocepacia clinical isolate to see if bacterial phagocytosis was
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similarly impacted by ETI treatment. Surprisingly, both CF and non-CF MDMs showed
increased phagocytosis of B. cenocepacia after ETI treatment (Fig. 5B). However, CF
phagocytosis post-ETI remained below baseline nhon-CF phagocytosis (55.1% vs 74.7%,
Fig. 5B). CF phagocytosis rates were also variable amongst individuals (Fig. 5B), similar
to the CFTR function data. The addition of CF airway supernatants (ASN) to ET]I treated
cells reduced ETI-associated rescue of phagocytosis for both CF and non-CF MDM s (Fig.
5B). Representative flow cytometry gating strategy, histogram, and light microscopy are
shown in Figure 5C. We then further examined MDM interactions with bacteria using
scanning electron microscopy (SEM). We found distinct morphologic changes in CF
MDMs compared to non-CF. CF MDMs lacked membrane protrusions and rearrangements
necessary for phagocytosis of bacteria compared to non-CF (Fig. 5D). ETI treatment was
associated with increased CF macrophage membrane protrusions and contact with bacteria,
although overall cytoskeletal morphology was disorganized and morphologically distinct
compared to non-CF (Fig. 5D).

ETI treatment enhances MDM efferocytosis of apoptotic neutrophils

The CF airway is characterized by heavy neutrophilic infiltration and large amounts of
apoptotic debris. In addition to phagocytosis and killing of bacteria, macrophages are
responsible for the clearance of airway debris such as apoptotic cells through efferocytosis
to avoid excess inflammation. To determine the impact of ETI on MDM efferocytosis of
neutrophils, we co-cultured MDMs with apoptotic CF and non-CF neutrophils. Untreated
CF MDMs had significantly less efferocytosis of neutrophils compared to non-CF MDMs
(Fig. 6A-C). ETI treatment was associated with a significant increase in CF MDM
efferocytosis of neutrophils, with variation in improvement on an individual basis (Fig. 6A—
C, fluorescent label and apoptosis confirmation in supplemental figure 3). Non-CF MDMs
treated with a CFTR inhibitor also demonstrated a significant decreased in efferocytosis,
with partial rescue by ETI treatment (Fig. 6A-B). We confirmed the CF findings using
transmission electron microscopy (TEM). TEM images showed increased efferocytosis in
CF MDMs post-ETI (Fig. 6D with quantitative scoring). Because of the differences in
phagocytosis and efferocytosis between CF and non-CF MDMs that persisted with ETI
treatment and the ultrastructural characteristics identified by SEM imaging in Figure 5E,
we examined 3 critical genes that encode for G proteins from the Rho family (RhoA,

Racl, Cdc42), a family of small GTPases regulating cytoskeletal dynamics and cellular
motility. We found decreased relative expression of RhoA and Racl in CF MDMs at
baseline compared to non-CF MDMs (Supplemental Fig. 4A). Further, Cdc42 was decreased
in expression during infection in CF MDMs compared to non-CF (Supplemental Fig. 4A).
All 3 genes had increased relative expression at baseline and during infection in CF MDMs
treated with ETI (Supplemental Fig. 4A). In particular, RhoA and Racl demonstrated 2—

3 times higher expression in some individuals with CF treated with ETI compared to
non-CF (Supplemental Fig. 4A). We expanded upon the gene expression data via flow
cytometry with Cdc42 and RhoA activation assays in response to an N-Formylmethionyl-
leucyl-phenylalanine (fMLP) stimulus. We found decreased Cdc42 activity in CF MDMs
at baseline and during fMLP stimulation compared to non-CF (Supplemental Fig. 4B).

ETI treatment improved Cdc42 activation during fMLP stimulation, but the level remained
about half of non-CF MDMs (Supplemental Fig. 4B). In contrast, RhoA activity was only
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decreased in CF MDM s in response to fMLP but approached non-CF levels after ETI
treatment (Supplemental Fig. 4C). Combined with our microscopy data these results suggest
that significant changes in macrophage cytoskeletal elements occur after ETI treatment.

ETI treatment has variable effects on MDM effector functions

In addition to deficits in phagocytosis and clearance of apoptotic debris, CF MDMs

have alterations in cytokine production.[4, 11, 14, 21-23] We examined pro- and anti-
inflammatory cytokine secretion profiles in response to infection with B. cenocepacia.
IL-10 production was significantly increased in untreated CF MDMs compared to non-CF
(Fig. 7A). Interestingly, ETI treatment was associated with decreased IL-10 production in
both CF and non-CF MDMs, with comparable levels of IL-10 for both CF and non-CF
MDMs after ETI (Fig. 7A). ETI treatment was not associated with any significant changes
in IL-1B, IL-6, IL-8, IL-12, or TNF-a production (Supplemental Figs. 5A-E). TNF-a
production was increased in CF MDMs at baseline compared to non-CF, similar to IL-10
(Supplemental Fig. 5E). Because there were minimal changes in MDM polarization or
cytokine production, we next measured ROS production as another measure of macrophage
function. CF MDMs have a known deficit in NADPH oxidase assembly and subsequent
reactive oxygen species (ROS) production measured through DCF and superoxide assays.[8]
We first stimulated MDMs with PMA, a phorbol ester that stimulates ROS production. CF
MDMs had a decreased oxidative burst in response to PMA compared to non-CF (Fig. 7B).
ETI treatment was associated with normalized ROS production in CF MDMs stimulated
with PMA (Fig.7B). There was no change in CF MDM ROS production in unstimulated
cells treated with ETI, which confirms the specificity of ETI treatment for increasing

ROS production during PMA stimulation (Fig. 7B). We previously demonstrated that B.
cenocepacia suppresses MDM ROS production.[8] We infected MDMs with B. cenocepacia
and measured ROS production during ETI treatment. ROS production was unchanged with
ETI treatment during B. cenocepacia infection in both CF and non-CF MDMs (Fig. 7C).
Combined, these results suggest variable changes in the inflammatory and oxidative burst
potential of CF MDMs treated with ETI.

Clinical outcomes post-ETI

Last, we determined changes in clinical outcomes post-ETI in our CF cohort with at least

3 months of available clinical data, and correlated outcomes with changes in MDM CFTR
function. ETI treatment was associated with a significant reduction in sweat chloride levels
after 1 month (99.0 £18.5 mmol/L vs. 48.7 £19.2, p < 0.0001, Table 2, Fig. 8A). Reductions
in sweat chloride were consistently decreased for everyone, but variable in intensity of
decrease (minimum reduction 15 mmol/L, max 93 mmol/L). Changes in sweat chloride were
also significant for individuals when analyzed by prior CFTR modulator exposure (Table 2,
Supplemental Fig. 6A). ETI was associated with significant increases in absolute % change
in % predicted FEV1 (+19.7%, relative change +9.2%) and BMI (+4.6%, relative change
+0.9) at 3-months post-initiation (Table 2, Figs. 8B—C). Similar effects were seen for FEVy
when analyzed by those homozygous (relative change +12.2%) or heterozygous (+9.0%) for
the F508del variant. Change in BMI at 3 months was also similar between variant groups
(homozygous +1.0, heterozygous +0.9).

Eur Respir J. Author manuscript; available in PMC 2024 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 9

Longitudinal analysis of the entire cohort revealed that FEVq increased from 3 to 6 months
(+5%) but showed no increases thereafter and decreased from 6 to 9 months post-ETI
initiation (Fig. 8B). BMI showed no significant changes between 3-12 months (Fig. 8C).
Individual values for percent change in FEV4 and BMI at 3 months relative to baseline
ranged from 0 — 63% and —4.6 to 23% respectively. Despite the variable changes over
time, there were overall significant increases in FEV1 and BMI from baseline to 12-month
follow-up measurements (Table 2, Figs. 8B—C). The longitudinal changes in FEV; and
BMI were also consistent for PWCF with and without prior CFTR modulator exposure
(Supplemental Figs. 6B, C).

Hospitalizations for pulmonary exacerbations (0.88 + 1.4 vs 0.02 = 0.1, p <0.0001) and oral
antibiotic prescriptions per year (2.4 + 2.3 vs 0.5 £ 0.7, p <0.0001) were both significantly
reduced in the year following ETI initiation compared to the prior year (Table 2). These
decreases were also consistent when comparing PWCF with and without prior CFTR
modulator use (Table 2). Changes in chronic infection from oropharyngeal and sputum
bacterial cultures were noted over time, with 51% of individuals clearing one or more
chronic pathogens after 12 months of therapy. Both individuals with a prior chronic B.
multivorans infection showed negative cultures at 12 months. Of note, most 12-month
cultures were oropharyngeal swabs, and we therefore did not have sufficient cultures to
check non-tuberculous mycobacteria (NTM) status in the 16% of our cohort with a prior
NTM infection. The percentage of individual pathogens present at the start and after 12
months of ETI treatment are shown in Table 2.

We then examined children and adults (n=17) who had an available 3-month post-ETI MDM
CFTR functional assessment and analyzed for correlations with clinical outcomes. There
was a significant negative correlation between post-ETI MDM CFTR function and post-ETI
sweat chloride (e.g. higher MDM CFTR function correlates with lower sweat chlorides, r=
-0.81, p = 0.0005, Fig. 8D). There were positive correlations between percent change FEV,
and percent change BMI with change in CFTR MDM function post-ETI ([FEV1r=0.71, p
=0.002] [BMI r = 0.59, p = 0.015] Figs. 8E—F). Individuals with 2 copies of the F508del
variant had the largest responses. There was also a significant correlation with clearance of
one or more bacterial pathogens and change in CFTR MDM function post-ETI (r=0.53, p

= 0.036), including the 6 individuals with the lowest changes in CFTR function who did

not demonstrate clearance of bacteria from cultures. Last, we analyzed clinical outcomes in
all individuals with an available post-ETI sweat chloride. In contrast to the MDM CFTR
results, post-ETI sweat chloride did not correlate with changes in FEV4 (r =0.05, p = 0.72)
or BMI (r = 0.08, p = 0.58). Overall, these data reflect robust, but highly individualized
clinical responses with the first 3 months of ETI treatment. Further, changes in macrophage
CFTR function may be a more sensitive indicator of individual clinical responses than sweat
chloride.

DISCUSSION

The approval of highly effective CFTR modulators such as the triple combination
elexacaftor/tezacaftor/ivacaftor has brought tremendous changes to the clinical care and
disease trajectories for many PWCF. However, questions remain about the long-term
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efficacy of CFTR modulators and their impact on chronic infection and inflammation as
well as responses to new infectious or inflammatory insults. The results of this study
provide novel insights into alterations in innate immune responses in response to ETI,
persisting phagocytic defects post-treatment, and their associations with clinical outcomes.
Further, these studies build upon prior findings in a CRISPR-Cas9 CFTR knockout model
in human MDMs,[14] which established several macrophage functions critically dependent
upon CFTR.

The overall role of CFTR and other ion channels in CF innate immune cells remains
relatively understudied. Prior human studies have elucidated low levels of expression of
CFTR in monocytes, macrophages, and neutrophils, with detection of functional CFTR
currents in peripheral blood monocytes and MDMs.[4, 14, 24-30] In this study, we detected
changing CFTR expression and trafficking in MDMs from PWCEF in response to ETI,

along with improved CFTR-dependent functional currents through halide efflux and a
patch-clamp assay. Biogenesis, trafficking to the cell surface, and endocytosis and recycling
of CFTR are regulated by multiple trafficking pathways, including Rab7. Rab7 regulates
the movement of CFTR away from the recycling pathway into late endosomes, and then
participates in the transport of CFTR from late endosome to lysosomes for degradation.

[31] Rab7 and other GTPases are also critical in macrophage phagosome maturation and
phagolysosome formation.[32] In our study, alterations in CFTR co-localization with EEA1,
Rab7, and LAMPL1 in untreated CF MDMs were restored post-ETI, suggesting there exists a
reciprocity between CFTR function and localization and anterograde trafficking in MDMs.
CFTR localization to the plasma membrane and lysosomes was also activated by LPS,
consistent with past studies where macrophage CFTR localization is activated by infectious
or inflammatory stimuli.[4, 10] Further, CFTR was recently shown to regulate macrophage
autophagolysosomal acidification.[33] Based on past and current studies, functional CFTR
is likely important in regulating several aspects of macrophage machinery necessary for
effective phagocytosis.

Importantly, we found that changes in CFTR function with ETI are short-lived and not
sustained unless there is continued drug exposure. This highlights the potential importance
of optimizing CFTR modulator dosing for immune cell responses and cellular distribution.
Changes in CFTR function were also highly individualized, suggesting unique factors that
could influence macrophage responses to CFTR modulators, such as receptor sensitivity or
epigenetic modifications.[34] We did not discern gender, age, or genotype-specific responses
that dictate the individualized responses, but larger multi-center studies could help achieve
more nuanced testing of clinical phenotypes. Further, modifying CFTR does not appear to
occur in isolation as reciprocal changes in other ion channels were observed in response

to CFTR modulators as seen in our microarray data. While detailed studies on changes in
individual ion channels (non-CFTR) were beyond the scope of this manuscript, reciprocal
alterations in calcium channels such as TRPC1 might be beneficial in restoring aberrant
macrophage inflammatory responses in CF.[35] Overall, we did not observe uniform
changes across ion channel types post-ETI to easily decipher coordinated channel responses,
but expression changes suggest broad normalization of chloride, potassium, and sodium
conductance, with new changes in calcium signaling. Several altered ion channels that we
observed have not been well described in macrophages (e.g. CLCN2, CACNG2, CHRND,
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etc.) and therefore have an unclear role in CF macrophage responses post-ETI. Combined,
these data highlight the complex nature of macrophage ion channels and the need for further
studies to monitor immune non-CFTR ion channel responses to CFTR modulators.

Concurrent with our CFTR expression and function studies, macrophage phagocytic

and effector functions also changed to varying degrees after ETI exposure. Specifically,
persistent deficits in phagocytosis and the macrophage cytoskeletal ultrastructure were
observed post-treatment. We found decreased Cdc42 activity in macrophages pre- and
post-ETI, consistent with a prior study that showed decreased Cdc42 activity in CF
monocytes.[36] Monocyte adhesion was improved with CFTR modulators in the same
study, however Cdc42 activity was not tested. The overall persistent deficits in phagocytosis
may be related to the difficulty in clearing some pathogens such as B. cenocepacia,

which have known virulence mechanisms that disrupt the actin cytoskeleton or suppress
intracellular ROS production.[8, 37, 38] Prior studies of older generation CFTR modulator
combinations suggested potential negative interactions between ivacaftor and lumacaftor
regarding bacterial phagocytosis.[3, 4] However, in our studies ETI was associated with
improved phagocytosis of B. cenocepacia in both non-CF and CF MDMs, but this effect
was attenuated by the presence of CF ASN. These results suggests that the inflammatory
airway milieu may modify and potentially blunt the therapeutic impact of ETI. Additionally,
efferocytosis of apoptotic neutrophils was robustly enhanced post-ETI, which supports the
notion that full correction of macrophage cytoskeletal signaling may not be needed for
clinical effects. Further studies detailing the complex mechanisms and receptors underlying
phagocytosis of bacteria and uptake of inflammatory debris after CFTR modulation are
ongoing.

During inflammation, monocytes are recruited to the affected site and then differentiated
into resident macrophages and activated. Interestingly, ETI normalized anti-inflammatory
IL-10 expression, while pro-inflammatory cytokine production did not change. Prior studies
have shown differences in CF IL-10 production based on age, sampling location (airway,
blood, nasal), cell type (blood, lung lavage), and health status.[39-41] The combination of
these results suggest that many aspects of CF macrophage cytokine production are likely
regulated by complex local environmental signals in addition to CFTR, as has been shown in
studies with CF neutrophils.[42]

As an important corollary to the observed changes in macrophage function post-ETI, we
observed robust but highly variable clinical responses over time. FEV, and BMI were
markedly improved at 3 months post-treatment but leveled off over time in most individuals,
with many individuals seeing a decrease in FEV at nine-months post-initiation. Further,
although sweat chloride levels dramatically decreased on ETI, post-ETI sweat chloride
was not a robust predictor of clinical responses compared to changes in MDM CFTR
function, which were strongly correlated with improvements in both BMI and FEV1, as
well as pathogen clearance. These data suggest that more robust improvements in immune
function are linked to improved clinical responses, which opens the door for monitoring
immune function as a biomarker of CF therapeutic responses. However, our findings need
to be validated in large, multi-center prospective studies. Overall, a significant reduction
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in inpatient and outpatient pulmonary exacerbations was demonstrated in this observational
cohort, supporting the clinical impact of ETI in PWCEF in a real-world setting.

Our study was limited by a lack of available airway resident macrophages for comparison
to MDM studies. Although MDM s are integral in innate immune and reparative functions
throughout the body including their recruitment to the lungs, sinuses and Gl tract, they may
behave differently from resident alveolar or interstitial lung macrophages. However, new
evidence suggests that alveolar macrophages can be replaced by cells of monocytic origin.
[43] Post-ETI we have seen a dramatic resolution of sputum production and the need for
bronchoscopy, thereby limiting any available airway resident macrophages for comparison
in this study. Research bronchoscopy programs will be integral for such future comparisons
of resident and recruited CF macrophages.

In conclusion, ETI was associated with unique changes in innate immune function and
clinical outcomes in PWCF. Changes in macrophage CFTR function may be a more
sensitive indicator of clinical responses to CFTR modulators than sweat chloride but need
further validation in subsequent studies.
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Take home messages:

ETI partially restores CFTR expression and function in CF macrophages
resulting in improved effector functions

Macrophage CFTR restoration correlates with clinical outcomes

Results are individualized reflecting donor genotypic and phenotypic
variation
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Figure 1: ETI treatment is associated with increased MDM CFTR expression.
A) Flow cytometry measurements of cellular apoptosis by detection of % Annexin V

positive CF MDMs in response to escalating doses of elexacaftor (0-40 uM). 40uM
elexacaftor significantly increased MDM apoptosis, p <0.0001 via one-way ANOVA with
Tukey’s test, n= 4-6. B) Flow cytometry % Annexin V positive CF MDMs in response to
escalating doses of elexacaftor combined with fixed tezacaftor and ivacaftor dosing (5uM).
Elexacaftor doses above 30uM were associated with significantly increased MDM apoptosis,
p = 0.006 and <0.0001 via one-way ANOVA with Tukey’s test, n=4—7. C) Quantitation

of CFTR expression via flow cytometry detection of %CFTR™ fluorescence in non-CF
(n=12), CF (n=6), and CF-ETI (n=7) MDMs, detected via UNC-596 or Alamone ACL-006
antibody. P values for individual comparisons are shown, one-way ANOVA. Negative

and single-color controls not shown. D) Densitometric ratios of western blot analysis of
CFTR (UNC-596 antibody) Band C expression in non-CF (n=7), CF (n = 12), and CF-ETI
(n=9) MDM:s. Densitometry ratios normalized to the loading control p-actin. P values for
individual comparisons are shown, one-way ANOVA, non-CF vs CF-ETI non-significant. E)
Subcellular fractionation western blot of membrane and cytosolic fractions of CFTR in non-
CF, CF, and CF-ETI MDMs. Na*/K*-ATPase was used as a membrane control, and B-actin
as a cytosolic control. Representative image is shown with corresponding densitometry for
cytosolic and membrane fractions from all replicates, unpaired t-tests.
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Figure 2: ETI treatment is associated with altered CFTR localization.
Confocal microscopy of non-CF, CF, and CF post-ETI MDM s after 16h LPS stimulation.

Cells were permeabilized for detection of co-localization of CFTR (green) with A) the
lysosomal marker LAMP1 (red), B) early endosomal marker EEAL (red), and C) late
endosomal marker RAB7 (red) are shown. For all comparisons the plasma membrane
marker WGA (white), MDM nucleus marked with DAPI (blue), and merged images are
also shown. Representative images are shown, n=3-12 unique individuals. D) Quantitative
scoring of CFTR co-localization with specific markers from parts A-C was conducted
using image J of random images. P values for individual comparisons are shown, one-way
ANOVA.
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Figure 3: Tagman custom microarray ion channel relative expression ratios
for A) CF/Non-CF MDMs at baseline and B) CF MDM s treated with ETI compared to

non-CF. All values were normalized to GAPDH, n=5=8 per group, mean = SD shown. Some
channels were not expressed in all patient samples. Statistically significant comparisons via
Brown-Forsythe and Welch ANOVA are displayed in red color. C) Paired changes in relative
expression ratios from A & B (PWCF only) pre- and post-ETI with groupings of channels
by ion type. Color coding represents individuals for each specific channel.
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Figure 4: Variable changes in human monocyte and MDM CFTR functional responses toETI
treatment.

A) CFTR function as measured by maximum forskolin-stimulated halide efflux assay of
CFTR-dependent chloride efflux (MQAE assay). CF monocytes were obtained from PWCF
after 3 months of ETI treatment. Monocytes were differentiated into MDMs, with one
experimental group receiving no drug during culture (washout) and one group receiving
daily ETI ex-vivo during differentiation. A significant increase (p = 0.0004) in CFTR
function was seen for MDMs receiving continued ex-vivo ETI treatment, paired t-test,

n=6. B) Maximum forskolin-stimulated halide efflux (15 minutes) in non-CF, CF pre-ETI,
and CF post-ETI (3 mos) monocytes. Measured as AF/FO/minute whereby AF is forskolin
stimulated current — CFTRinh current, and FO is Fmax minus Fmin. N= 5-20, p values

for individual comparisons shown, one-way ANOVA, mean £SD. C) Individual paired
monocyte responses from 4B, n=5, p = 0.15, paired t-test. D) Paired monocyte halide efflux
responses for monocytes exposed to ETI in vivo without culture supplementation (CF) or
one-time ex-vivo ETI treatment (CF ex vivo), n=3, paired t-test. E) Max forskolin-stimulated
halide efflux (15 minutes) in human non-CF, CF pre-ETI, and CF MDMs with ex vivo

ETI daily during differentiation (post-ETI). N=6-20, p values for individual comparisons
are shown, one-way ANOVA, mean +SD. F) Individual paired MDM responses from

4D, n=16, p <0.0001, paired t-test. G) Representative CFTR function time course shown
with annotations for MQAE dye, Nal inhibition, forskolin plus IBMX stimulation (FSK

+ IBMX), CFTR inhibition (CFTRinh172), and quenching with KSCN plus valinomycin.
Colored lines and symbols are shown to help differentiate treatment groups. H) Non-CF and
CF peripheral blood monocytes were isolated and differentiated into macrophages (MDMs).
MDMs were divided into groups based on the absence (non-CF-black, CF-red) or presence
of ex-vivo ETI (non-CF ETI ex vivo-blue, CF ETI ex-vivo-purple, 5 uM all ETI components
for 24h prior to patch-clamp) as well as CF MDMs from PWCF who had received 3 mos

of ETI clinically but no ETI added back during culture (CF ETI in vivo-orange). Whole-cell
currents were elicited by 400 msec voltage steps from —80 to +80mV in 10mV steps from
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a holding potential of —40mV. Displayed are average current/voltage (1/V) relationships for
basal and CFTR stimulated (15uM forskolin, 100uM IBMX and 2mM ATP) currents in
MDMs. N=3-8 donors, data are expressed as mean + SD.
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Figure 5: ETI improves bacterial phagocytosis and intracellular killing.
A) Colony-forming unit (CFU) assay for non-CF and CF MDMs + ETI treatment during

overnight infection with B. cenocepacia k56-2 isolate (Bc) or CF clinical isolates of 2
aeruginosa and MRSA. Log scale, n=4-13 donors, mean + SD. P values for individual
comparisons shown, via one-way ANOVA. B) Paired and summed % phagocytosis of RFP-
expressing B. cenocepaciain non-CF and CF MDMs + ETI or ETI plus airway supernatant
(ASN) treatment. n = 2-8/group, MOI 50, mean £SD, p values via paired t-test or one-way
ANOVA. C) Representative flow cytometry gating strategy, histogram, and light microscopy
for bacterial phagocytosis from 5B. FACS gating on forward scatter (FSC), side scatter
(SSC), and detection of Bc expressing Texas Red. D) SEM images of non-CF, CF, and CF
ETI MDMs during infection with Bc. Non-CF ETI not shown. Scale bars displayed, top
images with magnification 5.0kV 8.00mm x 1.3k SE (U) and bottom images with 5.0kV
8mm x4.00k SE(U). Bacteria are pseudocolored red and macrophages pseudocolored purple.
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Figure 6: ETI improves MDM efferocytosis.
A) Gating strategy for flow cytometry-based detection of MDM efferocytosis of apoptotic

neutrophils based on FSC and detection of CD14+ cells with a positive carboxyfluorescein
succinimidyl ester (CFSE) signal. CFSE-labeled neutrophils underwent sterile, age-induced
apoptosis for 24 hours prior to analysis. B) Representative fluorescent microscopy images
of MDM efferocytosis of CFSE-labeled apoptotic neutrophils. Shown are control MDMs
without apoptotic neutrophils, CF and non-CF MDMs without treatment, CF MDMs post-
ETI treatment, non-CF MDMs treated with a CFTR inhibitor (CFTRinh), and non-CF
MDMs treated with a CFTR inhibitor and then exposed to ETI. Also shown is a summary
of % efferocytosis for all experiments, normalized to non-CF control for each sample, n=
3-12. P values are shown for individual comparisons, via one-way ANOVA with paired
analysis of CFTRinh changes in non-CF. C) Paired individual CF responses from 6B, paired
t-test, n=8. D) TEM images of non-CF, CF, and CF ETI MDMs co-cultured with apoptotic
neutrophils. Black arrows indicate efferocytosis of apoptotic cells. Magnification shown

on images. Summary of semi-quantification of # efferocytosed neutrophils per MDM also
displayed, one-way ANOVA.
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Figure 7: ETI effects on macrophage effector functions.
A) 24h IL-10 cytokine production (pg/ml) in non-CF and CF MDM supernatants at baseline,

during ETI treatment, during B. cenocepacia (Bc) infection or combined infection and
treatment. N=14-26, mean £SD, p values for individual comparisons via one-way ANOVA.
B) Summary of DCF assay end-point analysis of maximum 2h reactive oxygen species
(ROS) production in non-CF and CF MDMs after no treatment (NT), PMA stimulus, ETI
treatment, or PMA plus ETI treatment. N=3-4, mean £SD, p value via one-way ANOVA.

C) Summary of DCF assay end-point analysis of maximum 2h ROS production in non-CF
and CF MDMs after infection with Bc, treatment with ETI, or a combination. N=8-11, mean
+SD, p value via one-way ANOVA.
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Figure 8: Clinical outcome changes post-ETI.
A) Changes in sweat chloride for PWCF pre- and 1-month post-ETI initiation. N=52, p

<0.0001 via paired t-test. Dashed line represents the clinical threshold of 60mmol/L for

a positive sweat chloride test. B) Changes in percent predicted FEV4 over 12 months

for PWCEF. Shown are mean values plus 95% CI at baseline (pre-ETI), 3-, 6-, 9-, and
12-months post-ET] initiation. All individuals had at least 3 months of data. P values
shown for comparisons between time points, via linear mixed effects model with post-hoc
comparisons between neighboring visits, as well as between baseline and 12-month using
the Sidak method. C) Changes in BMI over 12 months for PWCF. Shown are mean

values plus 95% CI at baseline (pre-ETI), 3-, 6-, 9-, and 12-months post-ETI initiation.
All individuals had at least 3 months of data. P values shown for comparisons between
time points, via linear mixed effects model with post-hoc comparisons between neighboring
visits, as well as between baseline and 12-month using the Sidak method. D) Correlation
plot for sweat chloride and maximal MDM CFTR function for PWCF, n=15. A significant
negative correlation was observed (Spearman’s r= —0.81, p = 0.0005). E) Correlation plot for
3-month post-ETI FEV and change in MDM CFTR function pre- and post-ETI treatment
for PWCF, n=17. A significant positive correlation was observed (Spearman’s r = 0.71, p
=0.002). The second CFTR variant is overlayed on each sample. All individuals with at
least one copy of F508del. F) Correlation plot for 3-month post-ETI BMI and change in
MDM CFTR function pre- and post-ETI treatment for PWCF, n=17. A significant positive
correlation was observed (r = 0.59, p = 0.015). The second CFTR variant is overlayed on
each sample. All individuals with at least one copy of F508del. G) Correlation plot for
3-month post-ET1 FEV and sweat chloride for PWCF, n=49. No correlation was observed
(r=0.05, p =0.72). H) Correlation plot for 3-month post-ETI BMI and sweat chloride for
PWCF, n=49. No correlation was observed (r = 0.08, p = 0.58).
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Table 1:
Participant demographics
CF (n=56) | Non-CF (n=92) | P value

Age (years) 286+134 | 37.0+9.8 0.0001
Female 41.1% 51.1% 0.24
Caucasian 94.6% 91.3% 0.46
CFTR genotype

Homozygous F508del (n=26) 46.4%

Heterozygous F508del (n=29) 51.2%
Baseline BMI (mean) 226+4.7
Prior CFTR modulator 50.0%
Baseline FEV(% predicted) 655+253 | ---
Hospitalizations 1 year prior to ETI initiation 06+1.4
Oral antibiotic courses 1 year prior to ETI initiation | 2.4 +2.3

P values determined by unpaired t-test for continuous variables or Fisher’s Exact test for categorical variables.
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Table 2:
Changes in clinical outcomes

Baseline 3-mos 6-mos 9-mos 12-mos P value
Sweat chloride (ALL) (mmol/L) 99.0 +18.5 48.7+£19.2 | --- <0.0001
Sweat chloride (no prior modulator) (mmol/L) | 103.0 +18.8 | 54.0 +20.7 | --- <0.0001
Sweat chloride (prior modulator) (mmol/L) 949 +17.6 43.3+£16.2 | --- <0.0001
FEV1(ALL) 63.8 +24.7 73.0+258 | 78.7+22.8 | 75.3+25.4 | 74.7+25.6 | 0.003
FEV;(no prior modulator) 57.4 +26.9 67.9+28.6 | 71.3+28.1 | 71.1+27.9 | 68.7 +27.9 | 0.03
FEV;(prior modulator) 70.3+22.9 79.4+223 | 87.8+12.3 | 77.7+245 | 81.0+21.6 | 0.001
BMI (ALL) 22645 235+43 | 23.6+4.1 | 233+£34 | 23.7+4.1 | <0.0001
BMI (no prior modulator) 21.4+49 22.7+5.0 22.8+58 22.4+4.3 229+4.1 0.003
BMI (prior modulator) 23.3+3.3 24.1+3.2 24429 23.8+2.6 242 +3.2 0.003
Hospitalizations (All) 09+14 0.02+0.1 | <0.0001
Hospitalizations (no prior modulator) 1011 0.04+0.2 | <0.0001
Hospitalizations (prior modulator) 0.7+17 0.0+0.0 <0.0001
Antibiotic courses (All) 2423 05+0.7 <0.0001
Antibiotics (no prior modulator) 31+21 06+0.8 <0.0001
Antibiotics (prior modulator) 1824 0.3+0.5 <0.0001
P. aeruginosa 45.1% 21.6%
MRSA 33.3% - --- --- 15.7%
MSSA 35.3% - --- --- 31.4%
BCC 3.9% - --- --- 0%
Achromobacter 9.8% 2%
Stenotrophomonas 5.9% 4%
Normal resp flora 3.9% 29.4%

BCC- Burkholderia cepacia complex
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P values determined by paired t-test for sweat chloride, hospitalizations and antibiotic courses and linear mixed effects model with post-hoc Sidak

comparison for FEV1 and BMI
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